pass through spill, which is water passed directly through spill gates or through spillway weirs. 73 Alternatively, juveniles can pass through the powerhouse where the hydroelectric turbines are 74 located. However, at 7 out of 8 of the dams the majority of fish entering the powerhouse are 75 diverted into a juvenile bypass system (JBS). Juvenile bypass systems are designed to divert fish 76 in powerhouses away from turbine passage, using screens and a system of pipes that lead to a 77 fish sampling and collection facility. From this facility, they can be directed into the dam 78 tailrace, or (at three dams on the Snake River) loaded onto barges or trucks in a transportation 79 program designed to avoid passage through downstream dams. 80 Numerous studies have been conducted with tagged fish to estimate survival through 81 these various passage routes. Differences between estimates of direct survival through spillway and JBS (spill -JBS) from 86 these studies were relatively small, ranging from -5.4% to 5.0% with a mean of -0.8% for 87
Chinook, and from -3.9 to 3.0% with a mean of -0.9% for steelhead, indicating slightly higher 88 survival on average through JBS. Estimated probabilities of JBS passage from the previously 89 mentioned studies ranged from 6.3 to 31.0% with a mean of 18.1% for yearling Chinook and 90 from 5.9 to 41.9% with a mean of 22.1% for steelhead, while estimated probabilities of turbine 91 passage at dams with a single powerhouse were much lower, ranging from 3.2 to 8.7% with a 92 mean of 5.4% for yearling Chinook and from 1.8 to 5.8% with a mean of 3.2% for steelhead. 93 probability of passing through a juvenile bypass system. We then investigate the association 140 between fish length and SAR. We found that fish with more bypass events tend to have lower 141 SAR, but evidence of a causal effect of bypass passage is greatly diminished or disappears when 142 fish length is accounted for. Using simulated data, we also found that associations between 143 bypass probability and fish length can lead to spurious estimates of negative effects of bypass 144 passage on SAR when length is not accounted for. 145 146 147 148 149 Methods 150 151
Data. We used data on tagging and detection history for spring-summer Chinook and 152 steelhead originating in the Snake River basin and implanted with passive integrated transponder 153 (PIT) tags (Prentice et al 1990a) as juveniles. PIT tags are used extensively in salmon research 154 because they are the only tagging medium that allows unique identification of individual fish 155 from juvenile through adult life stages. We downloaded the PIT-tag data from the PTAGIS 156 database (PSMFC 2017) . Tagging data included locations and times of tagging and release, 157 rearing type (hatchery or wild), and information about the researcher and study associated with 158 each individual fish. We restricted the data to include only those fish with fork length (mm) 159 recorded at time of tagging. Detection data included the location and time of detection of 160 individual fish at any site with PIT-tag detection systems (Prentice et al 1990b) , providing 161 information from both juvenile and adult life stages. in the JBSs, but BVD has additional detection in a sluiceway known as the corner collector 168 (BCC). The BCC is located next to one of the two powerhouses and is designed to pass fish via 169 water collected from the surface and directed through a gently sloping flume for several hundred 170 feet to the tailrace. The final detection site for juveniles is in the Columbia River estuary in a 171 detection array towed behind a pair of boats near rkm 50 (Ledgerwood et al. 2004 ). We will 172 refer to this detection site as the estuary towed array (ETA). The main sites of detection of 173 adults during our study were in fish ladders at BVD, McNary Dam (MCD; rkm 470), Ice Harbor 174
Dam (IHD; rkm 538), and LGD. 175 Lower Granite Dam is the first dam encountered by fish migrating from upstream and 176 large numbers of fish are tagged at the dam each year for research studies, with large proportion 177 of those also measured at tagging. Although many fish tagged upstream of LGD are measured, 178 tagging can occur from weeks to several months before those fish enter the hydropower system. 179
Substantial growth can occur between tagging and entering the hydropower system. We 180 therefore restricted our analyses to include fish tagged at LGD and those tagged at sites close 181 enough upstream of LGD to reach LGD in less than 3 weeks on average . We further restricted  182  183  184  185  186 187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206 We performed two different main analyses: one investigating the association between 221 length and probability of bypass, and the other investigating the associations of length and 222 bypass history with probability of returning as an adult (SAR). Additionally, we investigated the 223 association between length and detection in the BCC in comparison to the JBS at BVD. For all 224 analyses, we used only fish detected either at BVD or ETA as juveniles, and therefore known to 225 be alive while in the hydropower system. Any mortality experienced by these fish thus occurred 226 after passage through all of the dams. 227
For comparisons between length and number of bypass events, we used fish detected as 228 juveniles at BVD or ETA in the years 2000-2014. This set of years was chosen to be consistent 229 with those used for adult return models (see below), but allowed a few additional years to 230 increase sample sizes. the SAR data because they may never reach the ocean and experience different conditions than 244 fish returning after one or more years in the ocean. 245
For all data sets, we excluded fish tagged with acoustic or radio tags and those known to 246 have been part of experiments involving multiple handling events or anesthetizations. We also 247 excluded fish transported on barges, since these fish are known to have different survival and 248
have fewer opportunities for detection than fish that remain in the river. Some summaries of the 249 data are provided Appendix Tables A1 and A2.  250 Modeling Bypass Probability.  Our objective was to describe relationships between 251 fish length and probability of passage through a JBS after accounting for other sources of 252 variation. We used all fish with fork length measured at the time of tagging with restrictions 253 described previously, where site of tagging was either LGD or sites upstream. We fit separate 254 models for each dam, where the dams were:
LGD, Little Goose Dam (rkm 635), Lower 255
Monumental Dam (rkm 589), IHD, MCD, John Day Dam (JDD; rkm 347), and BVD. We used 256 fish tagged upstream of LGD for modeling bypass probability at LGD. We used fish detected at 257 ETA for modeling bypass probability at BVD. For all other dams, we used the combined set of 258 fish tagged at or upstream of LGD. 259
We modeled bypass probability with binary logistic regression, where a fish was given a 260 1 for JBS passage (bypassed) or 0 for passage through another route (not bypassed). We used 261 three classes of model, which were distinguished by their representation of time in the season. 262
The first used a categorical variable (rperiod) that grouped release days into three periods: 1) We performed additional analyses for BVD that were a comparison between JBS and 288 BCC passage only, which excluded spill and turbine routes. For these models we were able to 289 use all fish that were detected in the JBS or BCC at BVD, whether or not they were detected at 290
ETA. The purpose of these models was to test whether probability of passing through the JBS 291 relative to the BCC was dependent on fish size. The response variable was 1 for fish entering the 292 JBS and 0 for fish entering the BCC. We used the same set of explanatory variables as were 293 used in the main analyses of bypass probability for BVD.
294
Modeling Smolt-to-Adult Returns. Our objective was to test for associations between 295 probability of returning as an adult (SAR) and bypass history after accounting for fish length and 296 other factors that account for variation in SAR over time. We investigated three alternative 297 variables to describe JBS passage (bypass) history: 1) a binary variable for detection in any JBS 298 (yes/no), 2) a categorical variable with categories for 0, 1, 2, 3, or 4 or more bypass events, and 299
3) a continuous variable for number of bypass events. Data were from fish detected as juveniles 300 at BVD or ETA and potential covariates included a categorical indicator variable for detection at 301 ETA. Fish detected at both BVD and ETA were included only once in the data set, and the date 302 at ETA was used for the detection date covariate for those fish. The time variables were a 303 categorical variable for juvenile migration year and a continuous variable for day of year at 304 either BVD or ETA, which were standardized separately for each location. Hatchery and wild 305 fish were modeled together using an indicator variable for wild. We did not fit models 306 separately by rearing type due to sample sizes, but we did fit models separately by species, 307
We also fit separate models for fish tagged at LGD and those tagged upstream of LGD. 308
All fish tagged at LGD go through the JBS, but no non-bypassed fish are tagged or measured at 309
LGD. This creates an unbalance in the data that could bias results if the fish tagged upstream of 310
LGD were combined with those tagged at LGD. Also, fish tagged at LGD have lower SAR's 311 than those tagged upstream of LGD (unpublished data). For models with fish tagged upstream 312
LGD we included a categorical variable for tagging site. Fish tagged upstream of LGD had a 313 maximum of seven possible bypass events and those tagged at LGD had six, with the exception 314 of 2004 when there were six and five possible, respectively, due to no detection at IHD. We 315 combined data from the Clearwater River Trap with that from the Snake River Trap due to small 316 sample sizes at the Clearwater River Trap and the close proximity of the two traps (10 km apart). 317
We assumed the binary variable for adult return followed a binomial distribution where 318 the probability of return was a logit-linear function of the explanatory variables. For the fullest 319 possible model, the logit of the probability of returning as an adult ( ) for individual fish i was: 320 321 2002) as a measure of the relative predictive ability of a set of competing models. For both the 336 bypass and SAR analyses, we first constructed a set of models based on possible combinations of 337 the fixed covariates and random effects that did not include the length or bypass variables (we 338 will refer to these as covariate models). We selected the best model among those based on AIC, 339 where lower AIC is better. We then added the variables of interest (length and/or bypass) to the 340 best covariate models and recorded AIC and the P-values associated with the respective 341 variables. Our objectives were to test whether the parameter estimates for the variables of 342 interest were different from zero and to assess whether the variables of interest improved the 343 predictive ability of the models. We interpreted the strength of evidence in favor of particular 344 models or variables using a combination of the size of differences in AIC between models, 345 associated Akaike model weights (Burnham and Anderson 2002), and the degree of P-values of 346 individual effects. We used 95% confidence intervals to express uncertainty in parameter 347
estimates. We used the R computing environment (R Core Team 2017) for all aspects of the 348 analyses and specifically used the R package lme4 (Bates et al. 2015) for fitting the generalized 349 linear mixed models. The data and R code used in the analyses for this paper are available at: 350 https://github.com/jrfaulkner/bypass-length-sar. 351
Simulations.  The association between fish length and probability of entering bypass 352 systems makes it difficult to separate the individual effects of these variables on probability of 353 returning as an adult. If length truly did have an association with SAR but number of bypass 354 events did not, we wanted to know if number of bypass events would still come up as a 355 significant predictor in SAR models due to its correlation with fish length. One way to address 356 this question is by simulating data with both number of bypasses and SAR associated with 357 length, but with no independent effect of number of bypass events on SAR. If number of bypass 358 events then appeared as a significant predictor in models fit to such simulated data, where fitted 359 models did not include length, that would suggest that an apparent bypass effect on SAR in real 360 data could actually be explained by the association with fish length alone. Conversely, if the 361 bypass effect was not significant in SAR models fit to the simulated data but was significant in 362 models fit to real data, that would suggest that there was an effect of bypass passage which is 363 separate from length, or there is an association between bypass and some other unmeasured 364 variable which is also associated with SAR. 365
To address these questions, we used simulations to assess the chance of detecting a 366 bypass effect on SAR if one did not actually exist. We did this by generating data from the best 367 SAR models of observed data that contained length and other covariates but no bypass effects, 368 then fit models with a term for number of bypasses to those simulated data and recorded the 369 results. For each species and tagging location we generated 1,000 simulated data sets. We fixed 370 the data for observed number of bypasses, length, and other measured covariates and only 371 simulated adult return data for each fish. By fixing these covariates, the observed association 372 between length and number of bypasses was preserved. 373
We simulated data by first drawing a set of model parameter values from a multivariate 374 normal distribution where the mean was the vector of parameter estimates (both fixed and 375 conditional random effects) from the best model with length and covariates (but no bypass 376 effect) fit to the real data and the covariance matrix was the estimated joint covariance of the 377 associated model parameters (see Appendix for details). Using the random draw of model 378 parameters and the static covariate data, we then calculated predicted probabilities of adult return 379 for each fish. We then simulated adult return data (0 or 1) for each fish by drawing from 380
Bernoulli distributions given the set of predicted adult return probabilities. This process was 381 replicated for a second set of simulations where the data generating model was the best 382 covariate-only model within each species and tagging location. This second set of simulations 383 was used for testing the effect of number of bypass events when there was no true association 384 between SAR and bypass or SAR and length. 385
For each simulated data set, we fit three models. Figure 2 ). The strongest associations between bypass and length (based on 462 magnitude of the parameter for length) occurred at MCD and JDD for both species and rear 463 types, with the exception of wild Chinook at MCD. 464
For each species and rearing type, the best model for bypass probability that did not 465 include length varied by dam, but all included random year effects for the intercept and most had 466 random effects associated with the variables representing day in season (see Appendix Table  467 A3). 468 469
Smolt-to-Adult Returns 470 471
For Chinook tagged upstream of LGD, the best SAR model without length or bypass 472 effects included fixed effects for rear type, release site, site of last detection, and day of year, and 473 random year effects for the intercept (Appendix Table A2 ). Adding the length variable resulted 474 Figure 3 ). 548
For steelhead tagged upstream of LGD, the best model built from only the covariates 549 included fixed effects for rear type, tagging site, site of last detection, day, and day squared and a 550 random year effect for the intercept. Adding length to the model resulted in a decrease in AIC of 551 14.4 and P < 0.0001, which provides strong evidence that SAR was associated with length. 552
Adding any of the bypass variables resulted in increases in AIC whether or not length was in the 553 model (P > 0.40 for each bypass variable). This suggests that there was no evidence that SAR 554 for steelhead was associated with bypass history. For the model with length and continuous 555 number of bypasses, the odds of adult return increased by an estimated multiplicative factor of 556 1.38 for every increase of 1 standard deviation in length (27.6 mm; 95% CI: 1.18, 1.61), and the 557 odds of return increased by a multiplicative factor of 1.00 for each additional bypass event (95% 558 CI: 0.89, 1.13; Figure 3 ). 559
For steelhead tagged at LGD, the best covariate model included fixed effects for rear type 560
and day of year, and random year effects for the intercept and slope on day of year. Adding 561 length to this model resulted in a reduction in AIC of 116.5 and P < 0.0001, which provides very 562 strong evidence for an association between length and SAR. When length was not in the model, 563 adding the binary bypass variable decreased AIC by 3.6 with associated P = 0.017, adding the 564 categorical bypass variable decreased AIC by 1.6 with P = 0.048 and adding the continuous 565 number of bypasses decreased AIC by 3.5 with P = 0.019. These results suggest moderate to 566 strong evidence for an association between bypass history and SAR when not accounting for 567 length. However, when length was in the model, adding the binary bypass variable decreased 568 AIC by 0.1 with P = 0.144, while adding the categorical bypass variable increased AIC by 2.1 569 with P = 0.207 and adding the continuous number of bypasses increased AIC by 0.8 with P = 570 0.271. This indicates that after accounting for length, there was weak to no evidence for an 571 association between bypass history and SAR remaining. For the model with length and 572 continuous number of bypasses, the odds of adult return increased by an estimated multiplicative 573 factor of 1.64 for every increase of 1 standard deviation in length (30.7 mm; 95% CI: 1.50, 1.79), 574 and the odds of return decreased by a multiplicative factor of 0.95 for each additional bypass 575 event (95% CI: 0.88, 1.04; Figure 3 ). 576
We note that rearing type was important for both species in all of the models that 577 included length, where wild fish had higher probability of return than hatchery fish. Since 578 hatchery fish are longer on average than wild fish, the effect of rearing type was masked and 579 seemingly unimportant in some models without length. However, retaining rearing type in the 580 models with length helped to more accurately estimate the length effect. 581
582
Simulations 583 584
Our simulations show that a spurious bypass effect could arise more frequently than by 585 chance, whether length is accounted for in the fitted model or not (Table 3) . When the covariate-586 only model (M0) was the data-generating model, there were more negative estimates and more 587 significant negative estimates than expected, with larger differences from expected occurring for 588 the groups tagged upstream of LGD. This effect was likely induced by a combination of small 589 sample sizes for groups with multiple bypass events and low overall return probabilities. 590 591 592 parameter estimate for the effect of number of bypasses occurred in greater than 74% of the 611 simulations for each species and tagging location when no bypass effect actually existed, and a 612 significant and negative parameter estimate occurred in at least 9% of simulations for each 613 species and tagging location. Additionally, M1 had a lower AIC than M0 when there was also a 614 negative estimate for bypass effect in greater than 21% of simulations for each species and 615 tagging location. After accounting for length in the fitted model (M2), the proportion of negative 616 estimates and the proportion of negative and significant estimates dropped but were still greater 617 than those expected by chance. The simulation results were similar for Chinook at both tagging 618 locations and for steelhead tagged upstream of LGD. The results for steelhead tagged at LGD 619 indicated that a significant negative estimate of bypass effect was much more likely when length 620 was not accounted for when compared to results for Chinook and for steelhead tagged upstream 621 of LGD. 622
Mean parameter estimates across simulations were similar to parameter estimates from 623 models fit to the observed data for all species and tagging locations except for Chinook tagged 624 upstream of LGD (Appendix Figure A1) . The estimated effect of bypass from the model fit to 625 observed data for Chinook from upstream of LGD was much more negative than the mean of 626 parameter estimates from the simulated data. This suggests that the association between length 627 and number of bypass events does not completely explain the apparent effect of number of 628 bypass events on SAR seen in the observed data. 629 630 631 632 Discussion 633 634
We investigated associations between fish length and probability of entering juvenile 635 bypass systems at dams, and further investigated associations among fish length, bypass history, 636 and probability of returning as an adult for fish known to have survived through a system of 637 hydropower dams. Our main findings were 1) there was strong evidence for a negative 638 association between fish length and probability of bypass at most dams 2) there was strong 639 evidence for a positive association between fish length and SAR, and 3) there was a moderate to 640 weak evidence for a negative association between bypass history and SAR which weakened 641 further when fish length was included in the models. 642
We found strong evidence for a negative association between length of fish at tagging 643 and bypass probability for both species at six of the seven study dams, with smaller fish being 644 more likely to enter a bypass system. There was a negative association with length at LGD for 645 both species and rearing types, but it was not significant for wild steelhead. At BVD, there was 646 weak to no evidence for an association with length when the bypass system was compared it to 647 all other routes combined, but the bypass system was more likely to pass smaller fish in 648 comparison to the corner collector alone (see discussion below). One caveat is that these two 649 dams had much smaller sample sizes, so statistical power to detect length relationships was 650 diminished for those data sets. The general layout of BVD is very different from the other dams 651 in the FCRPS. The other 6 study dams are composed of a continuous structure that spans the 652 river with a powerhouse at one end and a series of spillbays at the other. Bonneville Dam is 653 composed of two powerhouses and a spillway which are separated by natural islands, so each is 654 essentially in its own channel, with no direct route between powerhouse or spillway. Bonneville 655
Dam also has the corner collector (BCC), which collects water and fish from the surface and 656 diverts them away from the second powerhouse. These differences in dam structure could be 657 expected to produce different fish passage behaviors that could depend on size. Finally, it should 658 also be noted that experimental structures designed to guide fish away from the powerhouses 659 were in periodic use at both LGD ( Two general mechanisms that could explain size selection by bypass systems are the 673 vertical distribution of fish as they approach a dam, and their physical ability to escape the 674 bypass screens. The horizontal distribution of fish as they approach a dam will also affect their 675 route of passage depending on whether they approach on the spillway side or powerhouse side, 676 but to the best of our knowledge, this distribution is likely not dependent on fish size. The depth 677 at which fish are swimming as they approach a dam will affect their route of passage (Li et al. 678 2015 (Li et al. 678 , 2018 . Surface collection structures, such as spillway weirs, sluiceways, or the BCC, 679 collect fish from the first few meters of the surface of the river. Entrances to standard spillbays 680 are 10 to 15 m below the surface, while the upper ceilings of entrances to turbine intake bays are 681 15 to 25 m below the surface for dams on the Snake and Columbia Rivers. Bypass diversion 682
screens extend approximately 6 to 12 m below the declining turbine intake ceilings and are 683 designed to collect the fish orienting along the ceiling as they enter the intake. This means that 684 fish must reach depths of approximately 20 to 35 m to escape the screens and enter the turbines. 685 Li et al. (2015) found that yearling Chinook and steelhead that passed through juvenile bypass 686 systems approached dams significantly deeper than those that passed though spillways, and fish 687 that passed through turbines approached deeper than those that passed through bypass systems. 688
If swim depth is related to size, then this could explain size differences by passage route. 689 Li et al. (2015 Li et al. ( , 2018 did not investigate relationships between length and swim depth but 690 did find that subyearling Chinook, which are smaller than yearlings, traveled deeper than 691 yearling Chinook, although they note that this could have been due to higher water temperatures 692 when subyearling Chinook migrated in late spring and summer. It has been documented that size 693 and level of smoltification affect buoyancy (Saunders 1965; Pinder and Eales 1969) , with larger 694 and more smolted fish being more buoyant and more likely to migrate higher in the water 695 column. This suggests that the larger, more smolted fish are more likely to pass through spill 696 and surface routes than through bypass or turbines. This is consistent with our findings that 697 smaller fish were more likely to enter bypass systems compared to other routes, especially when 698 one considers that the probability of entering turbines is low at most dams. Our results for JBS 699 passage in comparison to BCC at BVD further support this idea, where larger fish were more 700 likely to pass through the BCC, which is a surface route. The reason we did not find an effect of 701 length on JBS passage at BVD when comparing to all other routes could be due to higher turbine 702 passage at BVD. The probability of turbine passage is approximately 20% to 30% for both 703 species at BVD (Ploskey et al. 2012) , which is much higher than the other dams and results from 704 having two powerhouses and relatively low probability of being guided by the bypass screens. If 705 fish passing through turbines at BVD are generally smaller and those passing through spill and 706 BCC are larger, then the combination of these groups would have a wide range of lengths, which 707 could explain the results for JBS passage versus the other routes combined. 708
The second possible mechanism of size selection by bypass systems is the ability of a fish 709 to escape when it senses the change in water velocity created by the bypass screens and gatewells 710 (Zabel et al. 2005; Enders et al. 2012 ). Larger and more physically fit fish have greater strength 711 and swim speed, which allows them a better chance to escape the bypass screens. This suggests 712 that among fish that enter the powerhouse, fish that are guided into the bypass system would be 713 smaller and in poorer condition on average than those that pass via turbines. However, it 714 provides no information regarding differences in size or condition between fish that enter the 715 powerhouse and those that pass via spill. 716
It was not possible in our study to distinguish whether the association between length and 717 bypass probability was due to differential passage between the powerhouse and the spillway, or 718 if it was driven by selection between bypass and turbine passage given entry to the powerhouse. 719
This distinction can only be made if the exact route of passage is known for each fish, and we 720 only had information on whether a fish passed through a bypass system or not. Further research 721 using data from dam passage studies using radio telemetry or acoustic tags, which allow accurate 722 determination of each route of passage, should focus on associations between length, spatial 723 distribution, and route of passage. 724
Our second major finding was that there was strong evidence for an association between 725 fish length and SAR for both species, with larger fish having higher probability of return. Many 726 previous studies have also found length to be a significant predictor of adult return. In studies of 727 hatchery fish, Tipping (2011) found that size at tagging had a significant effect on adult return 728 rates in Chinook in 7 of 10 release groups. Releases of hatchery fish in the Deschutes River Three mechanisms controlling size-selective mortality in teleost fish were suggested by 744 Sogard (1997): differences in vulnerability to predation, susceptibility to starvation, and 745 tolerance of environmental extremes. Size-specific consumption by predators can be due to 746 limitations of mouth gape size, behavioral selection, or size-dependent escape ability of the prey. 747
Size-selective predation on juvenile salmonids has been documented in the early phase of ocean 748 residence (Parker 1971; Healy 1982; Hargraves and LeBrasseur 1986; Holtby et al. 1990 ). As 749 predators themselves, larger salmon smolts have a wider selection of prey available due to their 750 larger gape sizes and faster swim speeds, allowing faster growth in the ocean and lower 751 probability of starvation. Larger fish also mature faster and return at earlier ages (Scheuerell 752 2005; Tattam et al. 2015) , which means they have less time exposed to mortality risks in the 753 ocean. 754
Our third major finding was that there was moderate to weak evidence for a negative 755 association between bypass history and probability of adult return, but that association weakened 756 when length was accounted for. For Chinook tagged at LGD, and steelhead tagged at or 757 upstream of LGD, bypass variables were insignificant without length or became insignificant 758 when length was also in the model. Only for Chinook tagged upstream of LGD was number of 759 bypass events marginally significant after accounting for length. 760
The negative association between fish length and bypass probability was the most likely 761 explanation for the cases where evidence for a bypass effect on SAR diminished or disappeared 762 after accounting for fish length. Smaller fish were more likely to experience multiple bypasses, 763 so the number of bypasses essentially functioned as a surrogate for length in the model. It is 764
clear from our models of bypass passage that smaller fish have a higher probability of bypass 765 passage at most dams when compared to larger fish, which translates into a higher expected 766 number of bypass events during migration. survival by collecting juvenile Chinook at BVD and holding them in seawater tanks and found 797 no effect of bypass history on survival, but this study could not account for predation or factors 798 that occur in the natural environment. 799
The proportion of yearling Chinook and steelhead experiencing some level of descaling 800 due to JBS passage ranged from 1.5 to 9.6% in studies of bypass passage at individual dams in 801 the FCRPS (Ferguson et al. 2005) . Multiple bypass events would certainly increase the 802 probability that a fish experiences some level of descaling or trauma. Evans et al. (2014) found 803 that steelhead with general bodily injuries had higher susceptibility to avian predation but level 804 of descaling was not influential. Gadomski et al. (1994) found that experimentally descaled 805 juvenile Chinook had short-term physiological stress responses but were not more susceptible to 806 predation than controls. Descaled juvenile salmon can suffer high mortality due to impaired 807 ability to osmoregulate when exposed to seawater within 1 day of the descaling event, but can 808 recover and survive at normal levels if allowed to remain in fresh water for a few days (Bouk and  809 Smith 1979, Zydlewski et al. 2010 ). Juveniles migrating the FCRPS would have sufficient time 810
to recover before reaching the estuary. 811
It is difficult to explain why multiple bypass events would affect SAR more for Chinook 812 tagged upstream than those tagged at LGD, and why they would affect Chinook but not 813 steelhead, especially when we consider that Chinook from upstream of LGD had the smallest 814 sample size and least number of returning adults compared to the other groups. We cannot rule 815 out the possibility that the results for Chinook from upstream of LGD were a spurious 816 relationship driven by small sample sizes. The direction of the bypass effect for Chinook tagged 817 upstream of LGD was not consistent from year to year, based on the direct SAR estimates for 818 each number of bypass events (see Appendix). We were also not able to account for all 819 confounding variables that are associated with both bypass probability and adult return, such as 820 fish condition and disease status, which may have differed among the tagging locations. Given 821 these uncertainties, the evidence for a causal relationship between number of bypass events and 822 SAR for Chinook tagged upstream of LGD is still questionable. 823
Another important point is that the probability of experiencing a particular number of 824 bypass events decreases rapidly for each additional number of events greater than two (Appendix  825  Table A2 ). This means that the proportion of the migrating populations of yearling Chinook and 826 steelhead experiencing more than three bypass events is low. Our results indicated that SAR for 827 fish with zero to two or three bypass events tended to be similar (Appendix Figures A2-A4 ). 828 Therefore, the overall SARs for these migrating populations would not be affected much by any 829 delayed mortality experienced by multiply bypassed fish. 830 We were only able to investigate effects of passing through bypass systems and were not 831 able to investigate effects of passing through turbines or other routes due to lack of PIT tag 832 detection in those routes. Turbine passage can result in rapid pressure changes and strikes with 833 blades and other structures in the turbine housing. Multiple passage events through turbines 834 would be expected to lead to accumulated trauma and stress and increased susceptibility to 835 predation. Ferguson et al. (2007) Marvin Shutters provided information about deployment of the behavioral guidance structure at 885
Lower Granite Dam. We thank all of the agencies, organizations, and individuals involved in 886 collecting and tagging the PIT-tagged fish we used in this study, and we thank PTAGIS for 887 housing, managing, and making publically available all of the PIT tag data. 888 889 890 891 Table A2 . Summary of data on length at tagging (mm) and percentage of fish with each possible number of bypass Table A4 . Top three models for probability of adult return before inclusion of length at tagging or bypass variables
